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EXPERIMENTAL INVESTIGATION OF THE FLOW FIELD OF A HOT
TURBULENT JET WITH LATERNAL FLOW

NOTATION .

L. Harms

Geometric Variables (Figure 1)
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Flow Variables

]

Nozzle exlt dlameter

Valve cross section

Nozzle exhaust cross section
Cartesian coordinates (Figure 1)
Inclination of the jet with
respect to the channel axis (s = 909

for perpendicular incident flow)

Speed of sound

Local total pressure

Mass flux

Local static pressure

Pressure at the outer side of probe
Pressure on top side of probe
Pressure on shaft side of probe
Ambient pressure

Pressure along lower side of probe
Leeal stagnation pressure
Magnitude of local velocity
Incident flow veloeity

¥Numbers in margin indicate pagination of original foreign text.



Jet veloelty at nozzle exit point

x component of loeal veloeity in

X, ¥, and z directions, respectively.
Angle between local flow direction é&k
and horizontal channel central

plane (downwind angle)

Angle between the local flow direc-
tion and the x-z plane (side wind

Reynolds number Re = V_ ' D/v; v =
kinematic viscosity

Mach number Ma = Vj/aj

Temperature in ° Celsius
Absolute temperature
Temperature ratlo of nozzle jet

Ratio of velocity of nozzle jet
and 1ncident flow

Ratio of momentum flows of nozzle
jet and incident flow (momentum

Ratio of local flow direction o
and nozzle inclination angle 3
Pressure difference because of

V.
J
VX, Vy’ VZ
o
w
Bw
angle}
ReD
MaD
Other variables and abbreviations
t
B = TJ./Too
and surroundings
= V./V
b=V,
o = (p.V.%)/ (o V%)
J d
ratio)
®=a./s |
APS =Py T Py
side wind
APa = pO - pu

Pressure difference because of

downwind



Subscripts

m Uncorrected measured value

J Value referred to jet at nozzle
exit point

Xy, ¥, Z Values in the direction of the
coordinate axes x, y, and z

® Undisturbed flow

M Value in the jet center

H ' Value in the electrical heater

R Value ahead of nozzle exit point

1, 2, 345 +.. Measurement point 1ndex

I. INTRODUCTION

The mixing process between two intersecting flows represents ié
one of the most elementary processes in fluld mechanics. Often a
configuration coceurs in which cone flow has a much lower mass flux
than the other.

Examples of such flows can be found in environmental science,
where the distribution of smoke plumes of chimneys in the atmo-
sphere [1] or the mixing of warm cooling water flows in rivers

[2] have become very important.

In aviation technology, we are interested in the variation
and propagation region of the jet in connectlon with the develop-
ment of short takeoff or vertical takeoff aireraft [3]), For the
case of Jet supported flight, we have large influences of the jet
on the 1ift and the drag [4] during the takeoff and landing phases.
Investigations of jets in transverse flows are alsc important in
connection with the expulsion of cooling agents into the boundary
layer of space vehicles during hypersonic flight [5].



Another application of mixing processes in jets in transverse
flows occurs in the cooling of walls in the vicinity of hot com-
bustion gases in gas turbines [6]. In the gas turbine combustion
chambers, a cooling of the flow near the wall is brought about by
expelling cold ailr through the holes in the wall, Even though
several Jets are used for effective cooling, it is appropriate to

study| the basic flow processes using a single jet. s

The first theoretical treatment of a jet in a transverse
wind was investigated rather early in the region near the point |-
where the jet emerges. The VIOL ailrcraft development led to a
re-examination of this problem. The experimental investigations
on jets 1n a transverse wind are compared in [8]., The complicated
interaction between the jet and the incident flow which occurs at
the point where the jet emerges into the transverse flow leads
to a three-dimensional flow field, even if the jet axls remains
in the x-y plane y = 0 [9, 10].

The variation of the jets for various inelination angles‘&f /6
between the jet axls and the incident flow direction as well as
at various velocity ratios VJ/Voo was investigated in [11 — 147.
Empirical parameters for the suction amounts, effective jet cross
section area, and length of the potential flow have! been determined
from experimental investigations, and these c¢an be used for a
theoretical analysis of the jet [15]. Good results on the vari-
ations and cross sectlon deformations of the jet in a cross wind
are contained in [16 -— 18].

The present investigations aim to clarify the influence of
temperature on the flow field of a round jet in a transverse wind.
In order to have sufficiently large Reynolds numbers in the experi-
ments, we Investigated the jet propagation of a heated Jet in the
3 meter wind tunnel of the DFVLR-AVA with various momentum ratios

6 - (ajv.z)

2 .
f lloVeo )| in a cross wind.
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The measurements were carried out between April 17, 1973 and
May 11, 1973.

2.  EXPERIMENTAL ARRANGEMENT

4 jet nozzle is mounted on a sting balance carrier of the
3 meter wind tunnel of the DFVLR-AVA Goeittingen [181. It is
equipped with heated air. The inclinatlon angle $/with respect to
the incident flow direction, that is the jet exit direction, can
be changed. This first portion of the report contains measurements
for the jet angle 3 =ggﬂ . The channel cross section of 3 x-3 m2
makes 1t possible to investigate Jet propagation for a nozzle
diameter of D = 5 em. In this way, it is possible to achleve wind

tunnel velocities up to V_ = 50 m/sec and Reynolds numbers of

Vo - D 7

Re = ~1.7.1q7, referred to the jet diameter D = 5 cm.

2.1. The Nozzle Jet /1

The experimental installaticn is shown in Figure 1. The
hlower nozzle 1s mounted at a distance of 2 meters from the wind
tunnel nozzle along the sting balance carrier of the test section.
Figure 2 shows a photograph of the test installation in the
3 meter wind tunnel. The nozzle jet 1s blown out of an exchange-
able nozzle (2 nozzle shapes), Flgure 3, with an exit diameter of
D =5 em. The expelled air is supplied by a screw compressor
installation of the DFVLR-AVA at a pressure of Py = 2.8 bar. The
pressure 1s maintained constant by means of a pressure control
valve. The pressurized air reaches the speed of scund at the
narrowest point of the dosing valve., By displacing the central
body of the dosing valve, 1t 1s possible to regulate the amount
of expelled air. After this, the pressurizged air flows through
an electrical heater. It can be heated!to temperatures of up to

tH = }400° C there. The control of the heating power is done by



means of a 400 kW Leonard unit, which is remotely controlled

from the measurement cabin.

2.2. The Flow Field Measurement Installation

In our case of measuring the flow field, it was necessary to
consider a large number of measurement points. Therefore a probe
displacement unit (Figure 4) was constructed at the DFVLR-AVA
and an automatic control was developed within this contract [19].
By means of a sequence control, it is possible to preselect 28
coordinates in a measurement test section (y coordinate here),
which are then automatically executed by the displacement unit.

The flow field of the expelled air Jet is measured using a
nine hole directional probe (Figure 5). This probe makes it
possible to measure the flow angle @ the side wind angle BW,
the total pressure g and the static pressure p, An electronic
control unift automatically rotates the probe into the local
flow direction a  of the jet field (Figure 6). The side wind /8
angle BW iz found from the pressure.difference APR=Pa-Ig’
between two copposing pressure taps.and_the measured stagnation

pressure q, = & - P> using a calibration curve (Figure 7).

m
The determination of the local stagnation pressure Use and of the
static pressure Pye for oblique blowing is also done using

calibration curves (Figures 8 and 9).

The pressure measurement capsules have a measurement range
of 0.5 bar for the total pressure g and 0.1 bar for the pressures

Apa. ép Pnd p. The output voltages of these pressure measurement

8
capsules are amplified and are averaged in integrating digital
voltmeters over two-second intervals. There is a thermoelement
installed in the probe, and its output voltage 1s 'amplified just

a s| for the pressure measurement capsules. This is displayed on



g digital voltmeter. The measured values of pressure and tempera-~
ture are recorded on an 8 channel punched %tape. The experimental
setup and the dafta collection unit is shown in Figure 1,

3. EXECUTION AND EVALUATION OF TESTS

In the present experimental test segment, we-adjusted a
velocity of the unheated nozzle jet of Vj = 180 m/sec and held
the amount of expelled air constant. After controlling the wind
tunnel velocity V_ in the range between 45 and 10 m/sec, we varied
the velocity ratio ¢ =\3/Va)=4 to 12 and the momentum ratic in
the range # = 16 to 64. The experiments with heated jets were only
carried out after adjusting a constant temperature of tH = 350° C
in the heater and bty = 300° C in the exhaust nozzle. The conpres-—
80r installation can be used to investigate critical nozzle jets
(Ma_,, = 1) and overcritical nozzle jets (MaD > 1) by inecreasing

D
the compressor pressure.

The flow field is measured in sections perpendicular to the
channel axis at various displacements x/D from the center of the
Jet nozzle. Depending on the displacement, it is possible to
measure ah area of up to 1 m2 using measurement polnt separations
between 50 and 100 mm (Table 1).

A FORTRAN evaluatlon program was written for the electronie
compubter installation IBM 360-65 for evaluation of the measurements.
The results are available in lists and cards. The computer program
x? Vy:
and VZ in three coordinate directions and the flow angles.mw and

determines the resulting local velocity, its components V

Bw which these components make with the corresponding coordinate
axes X, y, and z from the measured data (Figure 10).



Special plotting programs were designed for the CALCOMP
plotter for representing the various results in a variety of ways.
Mrs. Neher of the DFVLR-AVA computer center alded us in bullding
the three-axis representation with engineering axionometriec
features.

4. RESULTS

4.1. Previous Reflections on the Jet Field Measurement

The theoretical results of [151 give the position of the jet
axis for various velocity ratilos vj/vw assuming that the jet sucks
mass because of the turbulent friction, and that 1t encounters
a resistance because of the incident flow. With these two assump-
tions, it is possible to explain the deformation and deflection of
a jet. Earliler experimental investigations [17] indicate that the
potential core of the jet is decomposed already after a pathllength]
of a few nozzle diamefers. The jet is répidly deflected in the
direction of the wind tunnel flow because of intensive mixing. .
This 1s verified by the photographs of the jet made at various /10
incident angle velocities, carried out before the present flow
inveétigations (Figure 11). In the turbulent mixing regions,
there are strong, approximately periodic fluctuations, which
require a special investigation and special care. when carrying
out the measurements. Because of the quadratic relationship
between the velocity and pressure, the time averaging of the
veloelty and the time averaging of the stagnation pressure lead
to different results. For this reason, it is necessary to use
pressure transducers with sufficiently small response time for
measuring the jet field, so that the square root of the instan-
taneous value can be established which is requived] for deter-
mining the time average.



4.2. Veloeity Distribution in a Cold and Hot Jet
Without Cross Wind

Figures 12 to 15 show the dimensionless velocities plotted
against the axis distance for cold (€ =1) and hot (®=.2)] jets. At
a distance of 0.1 D and 0.2 D from the nozzle exhaust points, we
have rectangular velocity profiles for the conical and corrected
nozzle, which do not differ from each other, As the distance z/D
from the nozzle mouth is inereased, the profiles become flatter,
After z/D = 6, they are similar to Gaussian error functilons, so
that starting at this distance, z/D = 6, we can speak of a fully
developed free jet. A comparison of the velocity profiles of
cold (® = 1| and hot (® =2)/jets showsthat there is a somewhat
greater sidewlse propagation of the hot jet, i.e., that the half-
radius value for the hot jet i1s somewhat larger (© = zﬂ.

Figures 16 and 17 show the dimensionless velocitiles measured
along the jet axis z. For conical and corrected nozzles, and for
a cold Jet (p=1), we find no differences in the velocity distril-
bution aleong the jet axis z/D (Figure 16). In the case of the
hot Jet (®=2) , the decrease 1n the axial velocity during the
discharge process from the corrected nozzle occurs somewhat
earlier than for the conical nozzle (Figure 3). Compared with & /11
the results of [21], we find somewhat higher values of velocity
along the axis (Figure 17).

4.3. Veloeity Distribution in the Transverse Plane with a

Cross Wind

In order to make the graphical representation of the veloei-
ties V, we made it dimensionless using the incident flow velocity
v, for our plotting program. These dimensionless velocities Cy =
V/V_ are shown in Figures 18 to 23 and are indicated as lines of

constant velocity Cy = const, the so-called 1sotachs. In order



to make clear the distance to the nozzle, we also show it %o

gcale in the diagrams.

The isotachs very clearly indicate the deformation of the
nozzle jet under the effect of the cross flow. Already in [rl,
it was shown how the circular jet cross section 1s deformed into
a kidney%shapeﬁ-cross section in the case of cross flow: because
a non-uniform pressure field is producdd by the flow around the
Jet. In this deformation of the jet c¢ross section, depending on
the magnitude of the momentum ratio @&, a vortex pair is produced
already after a short distance of a few nozzle diameters, which
is caused by the transverse flow. This is similar to the flow

around a cylinder at incldence.

One obtains an even clearer representation of the dissolu-
tion of a jet in a cross flow by showing the velocity components
Vy/V00 and VZ/VN, which are obtained by projecting velocity vectors
V/V_ onto the transverse plane (y-z plane) (Figures 2h to 31).
This was done using a plotter program for the CALCOMP plotter.

In this representation, we also show the nozzle exhaust to scale
as well as a comparison vector in the z direction having the

magnitude VZ/VBo = 0.1. These are used as reference guantities.

These vector dlagrams:very clearly show the position and
magnitude of the vortex palr rotating in opposite directions,
which can be found already at a short distance from the nozzle
(x/D = 7) and for small momentum ratios! 4 = 16 (Figure 24). /12

S —

These vortieces absorb an axial momentum from the jet and flow

in the direction of the jet axis (Figure 25), whereby their
dimensions increase. In the far field of the jet (x/D = 15),
according to Flgures 25, 27, 29, and 31, it seems that The jet
disappears, which the preceding/ isotachs also show (Figures 18
to 23). The flow field of the nozzle jJet is then only charac-—
terized by a vortex pair, which only sftarts to disintegrate after
a long distance due to the eﬂTect of friction.

10



If one compares the vector diagrams for the cold jet (Figures
26 and 27) with the corresponding diagrams for the hot jet
(Figures 28 and 29), we find that the structure of the jet cross
sectlon in the form of a vortex pair rotating in opposite direc-
tions 1s maintained. However, it is found that, for the same
velocity ratio ¥ = 8, the vortex centers of the cold nozzle jet
have separated more from the nozzle exit point in the z direction,
and therefore, the velocity ratio ¢ is not a similarity parameter
for the flow simulation of hot gas jets,

A comparison of the vortex fields of cold (Figures 26 and
27) and hot jJets (Figures 30 and 31) with the same momentum
ratio 4 = 64 indicates the same variation in the jet axis and
the same position of the vortex centers with respect to the z

axis. The differencés between both jet fields seem  tobe ——— -
characterized by a somewhat greater propagation of the vortex

fields for the hot jet. According to these preliminary results,

it seems that the computation of the momentum ratio

. 2 2
R ~(InjVj e v 7)

o Qo

seems to be Important for jet simulation.

4.%. Flow Direction in the Symmetry Plane of the Jet

The importance of the momentum ratioc 4 for simulation of
hot gases is confirmed by measurement of the flow angle a,. For
the graphical representation of the flow angle A of the symmetry
plane of the flow field (y = 0), they are referred to the nozzle
angle ¢/ and Figures 32 and 33 show the dimensionless Jet inclin-
ations'for @®'= aw/aJas a function of the dimensionless coordinate

z/D of the jet cross section. /13

11



The isotach diagrams (Figures 18 to 23) show a fast decrease

in the velocity profiles with path length. However, there is a
well developed directional fileld up to large nozzle distances

x/D = 15. We find that, for the same momentum ratio of hot and
cold jets, the distribution and distance from the nozzle exit
point z of the directional fileld is appfoximately the same. On
the other hand, the directional fields of co0ld and hot jets for
the same velocity ratlo ¢ = 8 have different magnitudes and

positions.

4.5, .Phree-Dimensional Representations

The representation of the flow field 1in two dimensions 1s
only a partial view of the relationships which occur during jet
mixing with the parallel flow. Therefore, Figures 34 to 41 give
a three-dimensional representation in the form of an isometric
method of representation. In these figures, the dimensioniless
component (V. - V_)/V  of the normal veloclty on the y-z plane,
represented by the coordinates y/D and z/D, is shown.

The velocity distributions for a small momenbtum ratio 4 = 16
in the two measured Intersection planes x/D = 7 and 15 (Figures
34 and 35) only show a developed wake field behind the nozzle
Jet and the nozzle Jet can only be detected in the form of an
overveloclty (V. - V )/V_ at the small distance x/D = 7. For
the momentum ratio g = 32, one finds a characteristic velocity
distribution for the mixing of a subsonic jet in a cross flow
(Figures 38 and 39).

This flow field is characterized by a semicircle region with
an overvelocity of up to 30%, which includes the wake region in
the symmetry plane (y/D = 0). The maxima of these overvelocities
approximately agree with the centers of the opposing vortex pairs
shown in the vector representation (Figures 24 to 31). The

12



comparison of the veloelty fields of the cold (Figures .36 and 37)
and of the hot (Figures 40 and 41) jet for a momentum ratioc of

2 = 64 shows that there is good agreement of the veloecity disg—
tribution (Vx - V_)/V_ in comparable measurement sections.

4.6. Comparison of Results using the Theory of Jet Paths

In Figure 42 is shown the path of the jet core of a cold
nozzle jet in a cross wind for the veloecity ratios ¥ = 4.3 and
8.1, according to the theory [14]. Comparable experimental
results [22] are also shown in these diagrams.

The vortex pairs detected in this investigation clearly
show the vortex course, and theilr distances z/D and x/D from the
nozzle exit point are shown as measurement peints in Figure 42.
Compared with the theoretical and experimental paths of the jet
core, the vortex cores experience a greater déflectionﬁby[
the cross wind. Here again, it can be found that the same
velocity ratlo ¢ alone does not bring about the same position
of the vortex core, when the jet temperature changes. On the
other hand, the position of the vortex core of eold and hot - jets
remains the same for the same momentum ratio 4 = 64.

5. SUMMARY

The experimental investigations on cold (€=1) and hot (€ = 2)!
air jets 1n cross winds for jet veloecity to cross wind velocities
of ¢ = VJ./VDO = 4.8 and 11.3 have shown that the well—known
initial kidney-shaped deformation of the jet cross section due
to the normal cross wind very soon leads to the formation of
a pair of vortices rotating in opposite directions, This vortex
palr limits the deflected engine jet to the side with respect to
its symmetry plane. The velocity along the "jet core" is

13



described by the theory and decreases rapidly, so that at a dis-
tance of about 7 nozzle diameters behind the center of the nozzle,
léss than 10% of the different velocity between the jet and the
cross flow can be measured. On the other hand, higher velocities
occur in the vortex cores up to large distances, as measurements
have shown at x/D = 15.

For the same jet to cross wind velocity ratio, the heating
of the Jet brings about a larger deflection of the jet and the
vortex cores. Compared wilth the velocity fields found for the
same exhaust jet to cross flow momentum ratio, it is found that
the positionsiof the jet core and the vortex palr are essentially
conserved, even though the velocity vectors in the vicinity of
the vortex cores would lead one to conclude that there was a

greater jet expansion.
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TABLE 1
MEASUREMENT PROGRAM¥*

MR v ¢ x/D © Figure Number
1-3f4-12 16 - 64 0 - 15 1 -2 12, 13, 14, 15, 16, 17
4 -12§ 4 .16 15 1 25, 33, 35
13 -20) 4 16 7 1 .24, 32, 34
21-34| 8 64 7 1 18, 26, 32, 36
135 -55] 8 64 15 | 1 19, 27, 33, 37
| 72 - 87| 8 32 15 2 21, 29, 33, 39
8s - 99| s 32 7 2 20, 28, 32, 38
100 -112} 11,3 64 7 2 22, 30, 32, 40
113 - 120f 11,3 64 15 2 23, 31, 33, 41

L ,Translator's'Note: Commas in numbers indicate decimal points.
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Photograph of the test installation in the

3-meter wind tunnel

Figure 2.
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c) Vj=200 m/s L m/s d) Vj=200 m/s Vo =20 m/s

Figure 11. Flow photographs of the Jet for various transverse
velocities
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Figure 12.

Veloclity distributions in the cold Jet of the conlcal nozzle.
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Figure 13,

Velocity distribution

in the eold jet of the corrected nozzle.
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Veloeity distribution of the hot jet of the corrected nozzle

Figure 15.
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Figure 21. Velceclty distribution in the transverse plane (y-z
plane} of the hot jet.
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Representation of the
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the y-z plane (x/D= 7,w=14, P =16, ©= 1)
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Three~dimensional representation of the velocity field of the
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Figure 39.

Three-dimensional representation of the veloecity fleld of the hot jet
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Three-dimensional representation of the veloeity field of the hot jet.
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Figure 41. Three-dimensional represenbation of the velocity field of the hot Jet
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